Abstract: Optical coherence tomography (OCT) is a high resolution, minimally invasive imaging technique, which can produce depth-resolved cross-sectional images. In this study, OCT was used to detect changes in the optical properties of cortical tissue in vivo in mice during the induction of global (pentylenetetrazol) and focal (4-aminopyridine) seizures. Through the use of a confidence interval statistical method on depth-resolved volumes of attenuation coefficient, we demonstrated localization of regions exhibiting both significant positive and negative changes in attenuation coefficient, as well as differentiating between global and focal seizure propagation. Holzwarth, H. A. Reitsamer, J. E. Morgan, and A. Cowey, "Imaging ex vivo and in vitro brain morphology in animal models with ultrahigh resolution optical coherence tomography," J.
Introduction
High resolution and minimally-invasive imaging techniques have been vital in understanding and visualizing the functionality of the brain in vivo [1] [2] [3] . Clinical imaging techniques such as functional magnetic imaging (fMRI), positron emission tomography (PET), and computed tomography (CT) are widely used in investigating the structure and function of the brain, but have limitations with regards to image resolution, acquisition speed, and specificity [1, 2] . Optical imaging techniques such as intrinsic optical signal (IOS) [4] [5] [6] [7] , diffuse optical tomography (DOT) [8] [9] [10] , and spatial frequency domain imaging (SFDI) [11] overcome these limitations by achieving high-resolution, minimally invasive, imaging of the occurrence and propagation of neuronal and epileptic activity through changes in intrinsic tissue optical properties.
Optical coherence tomography (OCT) is a label-free, high-resolution, noncontact imaging technique, capable of producing depth-resolved, cross-sectional, three-dimensional (3D) volumes [12] [13] [14] [15] [16] [17] [18] and has been shown to be a promising method for in vivo imaging in highly scattering tissues such as the cerebral cortex [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . We previously identified changes in the intensity of the cortex during the progression of induced generalized seizures in vivo in mice with OCT [20] . From each cross-sectional image, the average image intensity was calculated from a large region of interest, spanning 4 mm in the sagittal plane of the cerebral cortex and 1.5 mm in depth. By analyzing the temporal changes of these values, we observed significant decreases in the average intensity of cortical tissue preceding and during generalized tonicclonic seizures induced with pentylenetetrazol (PTZ) [20] .
The objective of this study was to expand on our previous findings by utilizing the spatiotemporal resolution of OCT in order to localize changes in the optical properties of murine cerebral cortex during seizure progression in vivo in both a global model (PTZ) and a focal model (4-aminopyridine (4-AP)), which is known to induce localized seizures at the site of 4-AP injection. Sequential volumetric scans of the cortex were acquired for both global and focal animal models and the spatiotemporal progression of the percent change in intensity was determined highlighting the differences in seizure propagation between the two models.
To mitigate any contributions from the imaging system to changes in the observed optical parameters, a recently published method for determining per-pixel depth-resolved tissue attenuation coefficients was used [31] . We then applied a confidence interval statistical analysis method to further quantify and localize regions within the attenuation volumes with significant changes during the progression of both seizure models. With our functional OCT (fOCT) volumes, we were able to visualize and further localize the spatiotemporal propagation of the attenuation changes through the cortical tissue.
Materials and experimental methods

Animal preparation for in vivo experimentation
Adult female (>6 weeks of age) CD1 mice were anesthetized with urethane (1.5 mg/g). The animals were then placed into a standard rodent stereotactic frame. Animals were kept on a heating blanket to maintain normal body temperature throughout the experiment. Anesthesia was maintained using a Ketamine/Xylazine mixture (80 mg/kg Ketamine, 10 mg/kg Xylazine) intraperitoneally (i.p.). Eight animals were used: two for the global model and six for the focal model (two control and four experimental). All experimental procedures were approved by the University of California, Riverside Institutional Animal Care and Use Committee.
Global seizure model
A 4 x 4 mm thinned skull cortical window was created with a dental bur over the cerebral cortex in the right hemisphere [32] . The skull was thinned to an approximately 55 µm throughout the window. OCT volumetric data was collected prior to i.p. injection of PTZ (100 mg/kg) and was collected through the entire experiment with an imaging window of 4 x 2 mm. PTZ is a GABA A antagonist that reproducibly causes generalized seizures in this mouse model with a latency after injection [33] . Once a generalized tonic-clonic (stage-5) seizure was observed, involving fore-and hind-limb twitches and tail movement, the animal was sacrificed with an anesthesia overdose. Internal control measurements, prior to PTZ injection, were acquired with a 10 min baseline and 20 min post i.p. injection of saline (100 mg/kg). More extensive controls showed no significant change over 80 min in the same animal model with an n = 3 [34] .
Focal seizure model
While the use of a thin skull cortical window better preserves the natural state of the brain, localized injections of 4-AP, a potassium channel blocker known to cause acute focal seizures at the injection site [5, 35, 36] , required partial removal of the skull. After anesthesia induction, a linear midline skin incision was made on the scalp. A hemicraniectomy was performed to remove the bone between coronal suture and the lambdoidal suture. Animals then received intracerebral injections of 4-AP (15 mM) at a rate of 50 nl per minute for 10 minutes to induce focal seizures. The pipette was placed 0.5 mm into the cortical tissue and positioned 1.5 mm lateral and 1.0 mm caudal relative to bregma. The pipettes were custom pulled from 3.5" capillaries with a tip dimension of approximately 300 µm. OCT volumetric data was acquired through the entire experiments. The first two of the six animals were imaged with a 3 x 3 mm imaging window directly at the injection site to ensure we observed any possible changes in intensity and attenuation during the focal seizure. Once we verified that we could in fact visualize these changes, we widened the imaging window to a 5 x 4 mm imaging window covering the hemicraniectomy region for the next four animals to visualize the spatial propagation of the changes from the site of injection. For the control experiment, artificial cerebrospinal fluid (ASCF) was substituted for the 4-AP injections.
Spectral-domain optical coherence tomography (SD-OCT)
The SD-OCT system [37] (Fig. 1 ) utilized a broadband source composed of two superluminescent diodes (SLD), one centered at 1295nm with a full-width at half maximum (FWHM) bandwidth of 97 nm (Thorlabs Inc.) and the other centered at 1350 nm with a FWHM bandwidth of 48 nm (Denselight Semiconductors Pte Ltd). The combined source was centered at 1298 nm with a 120 nm FWHM bandwidth. The experimentally determined axial and lateral resolutions were 8 μm and 20 μm respectively. From the source, the light was sent to a fiber circulator (Thorlabs Inc.) and split with an 80/20 fiber coupler between the sample and reference arm. In the sample arm, a pair of galvanometer (gm) mirrors provided transverse scanning of a 10 μm diameter focused beam. The lens used to direct light to the sample (AC254-075-C, ThorLabs) had a 1 inch diameter with a focal length of 75 mm. The reflected light from both arms was then recombined at the splitter and the now interfered light was sent to a spectrometer with a transmission diffraction grating (1100 lines per mm, Wasatch Photonics) before being focused by a planoconvex lens onto a 1024 pixel line scan camera (lsc, Goodrich SUI SU-LDH linear digital high speed InGaAs camera). Fig. 1 . Schematic of the SD-OCT system. SLD: superluminescent diode, lsc: line scan camera, gm: galvanometer, gr: grating. Graph inset is the spectrometer roll-off demonstrating an 11 dB loss over the maximum imaging depth.
Image acquisition and OCT data processing
OCT volumetric data acquisition was performed with axial depth profiles (A-lines) acquired at 15 kHz. Two different acquisition protocols were used to either optimize the spatial or temporal resolution. To optimize the spatial resolution, a single volume of 200 sagittal crosssectional images composed of 2048 A-lines was acquired every 2 minutes. To optimize the temporal resolution, a single volume of 150 images composed of 512 A-lines was acquired every 40 s. In either case, an imaging depth of 2 mm was obtained with 6 mW of incident power with a focal point 1 mm below the cortical surface. To correct for the nonlinear k-space sampling of the spectral data, 512 sampled points per A-line scan were mapped to uniform wavenumber spacing by linear interpolation [38] . The fast Fourier-transformation (FFT) from wavenumber to spatial domain was performed as well as secondary image processing, including plotting the intensity images on a logarithmic inverse gray scale [37] . The depthdependent sensitivity of SD-OCT acquisition was measured ( Fig. 1) and then removed by multiplying each A-line by a calculated correction curve [17, 18] to yield adjusted intensity images, a correction step necessary for accurate depth-dependent attenuation coefficient calculations [31] . After the initial OCT image processing, gross registration of sequential volumes was performed by maximizing the three-dimensional cross-correlation with the initial volume of each data set. This ensured accurate registration of the volumes throughout the experiment through the calculation and verification of high correlation coefficients. Our images had a maximum SNR of 35 dB and the following analysis was performed on regions with an SNR of at least 10 dB.
Depth-resolved attenuation coefficient volumes
A median filter of 64 x 64 µm was applied to minimize variations due to coherent speckle. This kernel size was determined starting from a cross-sectional area based on the lateral and axial resolutions, and iteratively expanded to determine the minimum cross-sectional area required to achieve a speckle contrast ratio below 0.1 over a region of uniform cortical tissue. We then calculated depth-resolved, per-pixel attenuation coefficient values (µ) (Fig. 2) for each volume using the algorithm described by Vermeer et al. [31] . The attenuation coefficients found for gray and white matter ranged between 1 and 4 mm 1 and 4-8 mm 1 , respectively, and are comparable to previously published data [22, 34] . and assigned to the voxel, creating volumes of percent change in attenuation coefficient while maintaining the spatial specificity of µ in the cortical tissue. As a result, time points where the mean attenuation value was within the C.I. for a given voxel are made visually distinct from those that were statistically significantly above (red) or below (blue) this normative range.
Results
Changes in intensity during global and focal seizures
Control experiments were performed for both global and focal seizure models. To optimize the spatial resolution, a single volume of 200 sagittal cross-sectional images composed of 2048 A-lines was acquired every 2 minutes. We acquired 4 x 2 mm volumes and 3 x 3 mm volumes for the global and focal experiments respectively. After the collection of baseline volumes, the injection of either saline (global) or ACSF (focal) was administered. The timing of the injections is shown in Fig. 3 along with the percent change in average intensity from selected 0.5 x 0.5 x 0.5 mm regions of interest (ROIs). Figure 3 (A) shows two representative ROIs that were 1 mm lateral from each other and 1 mm from both the anterior and posterior of the volume. It should be noted that a total of 5 ROIs were analyzed in each set of data, with all exhibiting similar behavior. For the focal experiments ( Fig. 3(B) ), ROIs were selected at the injection site and 1 mm lateral and 2 mm posterior from the injection site. The mean of the baseline data in each model was used to calculate a two standard deviation (2SD) in the intensity change of ± 2% for the global model ( Fig. 3(A) ) and ± 3% for the focal model ( Fig. 3(B) ), plotted as red, horizontal, dashed lines in Fig. 3 , indicating the intrinsic fluctuation in the intensity values. The trend in the percent change in intensity stayed within the 2SD throughout the experiments for both the global and the focal models (Fig. 3) . Global and focal in vivo seizure experiments were conducted and in order to determine the changes in intensity during seizure progression from a pre-seizure state, an average baseline volume was calculated from five volumes (global) or three volumes (focal). The fractional intensity change of each following volume was computed by pointwise division of each volume by the average baseline volume. The square of the logarithm of the fractional changes were then computed in order to better visualize all changes in intensity from baseline, with the sign of the original logarithm reapplied after squaring. The ratio values in each pixel were scaled from black to color saturation at a predetermined threshold value that represented a greater than ± 50% change from baseline (blue represented ratios below baseline and red represented ratios above baseline) (Figs. 4 and 5). Three dimensional (3D) volumetric renderings of the spatiotemporal changes in intensity during both global (Fig. 4) and focal ( Fig. 5 ) seizure progression were generated using Amira (FEI Visualization Sciences Group).
A representative result of the progression of changes in intensity can be seen in the rendered volumes following PTZ injection shown in Fig. 4 . Twenty-six minutes post injection, a significantly large decrease in intensity is apparent due to the accumulation of blue pixels throughout the imaged cortical tissue. The global nature of the decrease verifies the generalized nature of PTZ seizure progression. Representative results in Fig. 5 from the focal seizure experiments show the progression of the intensity changes from the injection site, which is outlined in white at minute 12, following the last 4-AP injection. At 16 minutes post injections, a region of decreasing intensity initiates at the injection site. The blue pixels continue to accumulate indicating a significant decrease in intensity focused at the site of injection as the seizure continues to progress through the end of the experiment. The data for both the global and focal models were representative and the experiments were successfully repeated with similar results. In order to quantifiably differentiate the progression of the changes in intensity between the global and focal model, we analyzed the time course of the average fractional reflectivity from ROIs selected in the same manner as outlined in the control experiments (Fig. 3) . Figure  6 (A) shows the location of the ROIs within the volume for the global model and both ROIs show mirroring trends of decreasing intensity starting 6-8 min post-PTZ injection and reaching a maximum of 10-15% change from the baseline at full seizure onset 24 min post-PTZ injection. The animals were then given an anesthesia overdose at full seizure, which occurred at minute 29, and the average intensity began to return to baseline by the end of the experiment. In contrast for the focal model, a significant decrease in intensity occurred only in the ROI at the injection site starting 10 min post 4-AP injections, and reached a maximum 41% change 28 min post-injection. The two ROIs away from the injection site show no significant change in intensity outside the 2SD during the experiment. This analysis highlights the difference between the global and focal seizure spatiotemporal progression of changes in intensity during seizure progression. 
Changes in attenuation during global and focal seizures
Using the method described in section 2.4, attenuation coefficient volumes were calculated from the intensity volumes for all of the global and focal control and seizure experiments. The same ROIs were used for the control experiments and Fig. 7 shows the percent change in average attenuation values for both the global (Fig. 7A ) and the focal (Fig. 7(B) ) control experiments. The 2SDs of the baseline means were ± 2.5% for the global model and ± 2% for the focal model, plotted as red, horizontal, dashed lines in Fig. 7 , indicating the intrinsic fluctuation in the attenuation values with time. The percent change in attenuation stayed within the 2SD throughout the control experiments for both models. When conducting the global seizure experiments, five volumes were acquired prior to PTZ injection providing a df of four, allowing for the use of a 0.95 confidence level. The black line outlined on the histograms in Fig. 8 represents the binned counts of attenuation coefficient values within the calculated 0.95 confidence level for each of the three distinct layers. From these parameters and the five baseline volumes, a C.I. for each 30 x 30 x 30 μm voxel was calculated using the method described in section 2.4. For the first set of focal experiments (3 x 3 x 2 mm volumes), the C.I. formation, as seen in Fig. 9 , was similar to the global experiments except only three volumes, which were acquired post 4-AP injections but prior to seizure onset, were used to form the baseline data set. Due to the fact that this provided a df of only two, the use of a 0.90 confidence level was required. Tissue deformation resulting from the injections inhibited the use of earlier volumes. The left graphs in Fig. 9 are the baseline distribution of attenuation values and the right graphs are the post seizure distribution with each layer's 0.90 confidence level displayed as the black line.
When comparing the distribution changes in attenuation values between baseline and post seizure as well as between global and focal seizure models, it is apparent that in the focal model there is a distinct difference between the three layers. The distribution of the top layer ( Fig. 9(A) ) shifts to the right post seizure, indicating a significant increase in the attenuation values while the middle layer ( Fig. 9(B) ) shows very little shift and the bottom layer ( Fig.  9(C) ) shows a large shift to the left indicating a significant decrease in the attenuation values. In the focal seizure there is a layer dependent change in attenuation where the global model (Fig. 8) shows significant deviations from the defined confidence level line, but no layer dependent directionality to the changes. 
Visualization of fOCT volumes for global and focal seizure progression
In order to visualize the spatial distribution of the changes in attenuation coefficient for both the global and focal seizure models, 3D fOCT volumes [19, 21, 23, 24] were created. As defined in section 2.4, for each voxel in every volume post baseline, a Δµ above or below the C.I. was calculated and then each voxel was assigned a color ranging from black to color saturation, at a maximum percent change threshold, with gradations of red representing voxels of percent change above the C.I. and gradations of blue representing voxels of percent change below the C.I. Figure 10 shows the global seizure fOCT volumes numbered as minutes post PTZ injection with Δµ saturating at ± 80% for both red and blue voxels. We combined the fOCT volumes with their corresponding attenuation coefficient volumes to show the precise anatomical registration of the fOCT volumes as well as provide a reference to the location of Δµ in the cortical tissue. In the global model, voxels that exhibit both positive and negative Δµ are distributed throughout the imaged tissue. Significant changes in Δµ begin to accumulate throughout the tissue 6 min post PTZ injection and continue through full seizure (24 min), saturating at ± 80% Δµ (Fig. 10) . The fOCT volumes maintain the spatial distribution of the voxels and eliminate the need for averaging, providing voxel specific Δµ and revealing significant percent changes in attenuation as well as the heterogeneous distribution of both positive and negative Δµ, reflecting the known global nature of seizure progression in the global model.
For the first set of focal model experiments, we acquired 3 x 3 x 2 mm volumes directly at the injection site for optimal spatial resolution during seizure propagation. The resulting fOCT volumes are shown in Fig. 11 . Each volume is combined with a corresponding attenuation coefficient volume and Δµ is displayed with saturated blue and red voxels at 50% Δµ and 80% Δµ respectively. We extended the red threshold further than the blue to better visualize the distribution of Δµ since the range of positive percent change in attenuation was larger than the negative. fOCT volumes provide visualization of depth-dependent changes in attenuation coefficient and the focal nature of the change in tissue attenuation is illustrated in Fig. 11 . At the surface of the cortical tissue, a significant increase in Δµ is visible, beginning to coalesce starting at 20 min post-4-AP injections. Directly below, there is a corresponding region where Δµ significantly decreases through focal seizure onset, initiating 24 min post 4-AP injections (Fig. 11) . To further quantify the depth-dependent regions exhibiting differing changes in attenuation coefficient, we averaged the Δµ in three small ROIs (0.2 x 0.2 x 0.2 mm), which were stacked in depth and plotted versus time for all three regions (Fig. 12) . With the top ROI exhibited positive Δµ, the middle ROI exhibiting no Δµ, and the bottom ROI exhibiting negative Δµ. 
Focal seizure spatiotemporal propagation
Once we verified that we could detect changes in attenuation coefficient locally during a focal seizure, we expanded our imaging field of view to determine if we could visualize how focal seizures propagate from the injection site. To maintain reasonable temporal resolution while increasing the field of view, single volumes of 150 images composed of 512 A-lines were acquired every 40 s. We acquired 5 x 4 x 2 mm volumes with five volumes, acquired prior to the last 4-AP injection. Five baseline volumes providing a df of four, allowed for the use of a 0.95 confidence level. The Δµ values were calculated for each volume from which fOCT volumes were generated with both blue (negative Δµ) and red (positive Δµ) saturating at ± 30% (Fig. 13) . The 4-AP injections were administered 1 mm from the right edge of the volume and 2 mm from bregma with the pipette tip outlined in the first fame in Fig. 13 . From the fOCT volumes, we were able to identify localized regions that exhibit both positive and negative change in attenuation as well as the spatial propagation from the injection site. As a representative of the results for the focal seizure experiments, Fig. 13 shows the fOCT volumes minutes post 4-AP injections. Significant changes in attenuation begin to coalesce at the injection site 18 min post injections and continues to propagate radially as the focal seizure progresses resulting in a 1 mm area with maximum change. The results from these experiments also show the layering pattern of changes in attenuation seen previously. We further investigated the layers of cortical tissue showing differing trends in attenuation changes by analyzing them as three distinct layers in time post 4-AP injection (Fig. 14) . Layer A was the top 65 μm under the surface, Layer B was the following 52 μm, and Layer C was the following 130 μm and the widths of the layers were selected based on the spatial Δµ patterns observed in the fOCT volumes a posteriori. Figure 14 shows the fOCT data in each of the three layers in time post 4-AP injections as maximum intensity projections (MIPs), which were calculated by collapsing the z-axis of each layer in each volume into a 2D en face image representing the largest positive or negative Δµ in depth at each pixel. The colors span from white to color saturation at ± 30%. We further investigated the spatiotemporal propagation of the attenuation changes by selecting 0.5 x 0.5 mm ROIs with three consecutively in front of and three consecutively lateral of the injection site (Fig. 15(A)-15(f) ). Due to the placement of the pipette with respect to the midline bone, 3 mm of the brain tissue with a hemicraniectomy was to the left of the injection pipette and thus a lateral progression of small ROIs were analyzed in this same direction. We kept the same three layer thicknesses (A, B, and C) and plotted the average Δμ from each of the ROIs as red, black, and blue lines respectively over time post 4-AP injections. In both ROIs (a) and (d) in Fig. 15 there are significant changes in Δμ in layer A and C with a 30-60% increase and a 15-30% decreases during focal seizure propagation. Similarly to the earlier described 4-AP experiments, the decreasing lower layer C did not exhibit a significant change until minutes after the increasing trend. A 5% decrease occurred 34 min post injection, 10 min after a 5% increase in ROI (a). Similarly there is an 8 min delay between the 5% increase and the 5% decrease in ROI (d). Unlike the earlier described 4-AP experiments, however, significant changes also occurred in layer B in some regions (Fig.  15(D) ) and followed a similar pattern as layer A except with a more limited propagation radius. As the ROIs step forward and lateral from the injection site, the average Δμ values begin to decrease as seen in the plots in (Fig. 15(B)-15(C) and 15(E)-15(F) ) where a maximum of only 10-15% increase and 5-10% decrease occurred with some layers not even exhibiting a greater than ± 1% change. 
Discussion
In the global and focal seizure experiments, volumetric OCT data was acquired and the percent change in intensity was displayed in three dimensional volumes in time, preserving spatial specificity and accurately conveying the intensity trends occurring during seizure progression. In both seizure models, a large decrease in intensity occurred during seizure progression either throughout the cortical tissue (global model) or localized at the injection site (focal model). These results coincide well with reflectance changes found in previous work with OCT as well as other imaging techniques that are a result of interconnected biological changes in absorption and scattering associated with hemodynamic responses, and neuronal and glial swelling [5, 6, 8, 9, 11, [19] [20] [21] 23, 25] .
In order to better understand the optical properties of the cortical tissue during seizures independent from system intensity levels, we generated volumes of depth-resolved attenuation coefficient values. Previous research observed a depth dependence to the changes in scattering during neural activation [19, 21, 23, 28] and depth-dependent attenuation coefficient volumes provided an even further understanding of the optical properties of cortical tissue by incorporating changes in both absorption and scattering coefficients. The development of the fOCT volumes provided high resolution tracking of the spatiotemporal changes of the tissue attenuation values as both global and focal seizures propagate through cortical tissue in vivo.
In the global seizure model, the fOCT volumes revealed significant percent changes in attenuation as well as the heterogeneous distribution of both positive and negative Δµ, reflecting the known global nature of seizure progression in the global model. In the focal seizure model fOCT volumes, distinct depth-dependent regions exhibiting differing changes in attenuation coefficient were observed. From the analysis of Δµ, we were able to clearly differentiate between a global (PTZ) seizure model and focal (4-AP) seizure model and further investigations are necessary to determine the underlying mechanisms that elicited the changes in attenuation during pathologic levels of neural activity.
Conclusion
To utilize the spatiotemporal resolution provided by OCT, we developed an analytical method, creating fOCT volumes, to display statistically significant changes in the attenuation coefficient of cortical tissue while maintaining high spatial specificity. We were able to differentiate between global and focal seizures through the spatiotemporal pattern of Δµ. In the global model, there was a large change in attenuation throughout the tissue, where in the focal model, only a localized region around the injection site showed significant changes in attenuation. The voxel values, which incorporated 30 x 30 x 30 µm of tissue, provided localized visualization of the changes in attenuation coefficient during seizure progression. In addition, we were able to quantify depth-resolved changes in attenuation during seizures as well as track focal seizure propagation with high spatiotemporal resolution. The results from this study demonstrate the potential utility of OCT as a minimally-invasive tool for studying seizure onset and propagation with high spatiotemporal resolution. Future studies will directly compare the temporal performance of seizure detection with fOCT versus standard methods (EEG).
